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44.1 kHz sampling rate. Recordings of 1 h each were taken twice
a day (morning and evening) for the rst 6 d and twice a week for
the next 8 d as the activity decreased. Insect sound recordings were
performed inside the aquarium tanks in an isolated quiet room at
ambient temperature (22 25 C), with uorescent lighting. The
ampli cation levels were standardized throughout the experiment;
consequently, the relative amplitudes are the same for all the oscillo-
grams as described in the following section.

Acoustic Data Management and Signal Processing
Before further processing, recorded signals were rst band-pass |-
tered between 0.2 and 10 kHz using Raven L.ite software (Bioacoustics
Research Program 2016). Next, ve spectral pro les (mean spectra)
were calculated for both C. maculatus and S. oryzae by DAVIS
(Digitize, Analyze, View, Insect Sounds) through fast Fourier trans-
form and other algorithms (Mankin et al. 2011, Herrick et al. 2013)
from 10-min prescreened records obtained from noise-free periods.
It was necessary to construct different pro les for each species due
partly to the larger size of S. oryzae and partly to differences in the
structure of cowpeas and wheat (Mankin et al. 2018), which pro-
duced signi cant differences in the spectra of the sounds each species
produced. DAVIS was further used to conduct automated analyses
to distinguish daily insect sounds produced by both C. maculatus
and S. oryzae. Each impulse detected in the daily recordings was as-
signed to the type from which it had the smallest total mean-square
difference (Dosunmu et al. 2014). Impulses whose spectra failed to
match any pro le within a preset least-squares threshold were dis-
carded. For each sample, the DAVIS program identi ed and timed
groups (trains) of at least three impulses separated by intervals <
200 ms whose spectra matched one of the ve insect pro le types.
These trains, called bursts, have been demonstrated in previous
studies to have a high likelihood of having been produced by an in-
sect (Jalinas et al. 2015). The beginning and end time of each train
and the number of impulses in the train were stored in a spreadsheet.
The rates of bursts, the numbers of impulses per burst, and the rates
of impulses in bursts were calculated as in Jalinas et al. (2015).

Responses of both C. maculatus and S. oryzae to the low-oxygen
tensions were assessed in terms of burst rates and the rates of im-
pulses in bursts. Furthermore, statistical analyses were used to com-
pute the differences or similarities among burst rates and rates of
impulses in bursts from insects of each species exposed to the dif-
ferent oxygen-level treatments.

Moisture Content, Grain Quality, and Adult

Emergence Assessments

At the beginning and end of the experiment, the moisture content
was determined using a handheld grain moisture tester (Dickey-John
mini GAC plus moisture tester; DICKEY-john Corporation, Auburn,
IL). The numbers of insect damaged wheat and infested cowpea were
assessed on 100-grain samples and converted into percentage. Given
the low-oxygen conditions, the focus was on qualitative changes of
grain (presence of holes and eggs) as opposed to quantitative changes
(weight loss). Cowpea seeds were infested with eggs, whereas wheat
seeds had holes. The number of surviving adult insects was assessed.
After assessing and sieving out the adults exposed to hypoxia for 14
d, cowpea seeds and wheat grain were incubated at 25 — 1 C and
40 — 5% RH for 45 d. The total number of adults that had emerged
from each container after 45 d was counted and recorded. At the be-
ginning of each of the 1-h acoustic recordings, counts were made of
insects visibly in movement near the surface of the 120-ml glass jars
containing the treatment samples.

Statistical Analyses

All data were analyzed using Stata SE Version 12 (StataCorp 2011).
Percentage data were arcsine transformed to stabilize variance prior
to analysis. Analysis of covariance (ANCOVA) was applied to test the
effects of treatment, exposure time, and the interaction of treatment
and exposure time. Where the coef cient of the interaction term was
signi cant (P 0.05), analysis of variance (ANOVA) was performed
to compare mean rates of bursts, and numbers of surviving insects,
damaged grains, and emerging adults among the treatments to assess
for day-by-day differences. Means were separated using Bonferroni
adjustment at 95% con dence level. In several tables, mean values
— SEM are listed.

Results

Acoustic Activity of Adult C. maculatus and

S. oryzae Under Low-Oxygen Environments

The acoustic patterns for the two species varied considerably on dif-
ferent days after exposure to low-oxygen environments. The sound
impulses showed a broad range of amplitudes, spectral features, and
temporal patterns. Figure 1A and C show several impulses in a 2-min
recording of adult C. maculatus and S. oryzae, respectively, under
normoxic conditions. The signals grew weaker as time progressed
under exposure to the low-oxygen environments during this study.
Figure 1B and D nevertheless include several individual impulses and
an impulse train in a 2-min recording of adult C. maculatus and
S. oryzae, respectively, after 2-d exposure to 3% oxygen.

For purposes of analysis, ve audibly distinct types of spectra
were identi ed in the prescreening of single, high-quality acoustic
recordings of adult C. maculatus and S. oryzae, respectively. The
signal pro les were Broadband, HighF, MidF1, MidF2, and LowF,
based on their peak energies and breadths of spectral range. From
the 3-min sections identi ed at the prescreening stage, DAVIS pro-
gram identi ed brief 1 10 ms bursts separated by <200 ms and
saved them. The rates of bursts and impulses in bursts were com-
puted for each recording. The rates of bursts and rates of impulses
in bursts in the different C. maculatus and S. oryzae treatments
declined sharply over the rst 4 d of exposure to controlled at-
mosphere conditions (Fig. 2A and B). ANCOVA analysis showed
signi cant differences in the decline curves of the different treat-
ments and species demonstrated a signi cant interaction between
treatments and exposure time (Table 1). ANOVA analysis showed
that there were signi cant differences (P < 0.05) among burst rates
for treatments at different points in time on the rst 3 d when the
insects were most active (Tables 2 and 3). By day 3, there was very
little if any acoustic activity recorded for the 1% treatments for
both insect species. On day 4, all the insects were acoustically
dead, i.e., the rates of bursts had fallen below a previously deter-
mined threshold for low likelihood of infestation, 0.02 bursts/s
(Mankin et al. 2008).

The cessation of acoustic activity depended on the oxygen level
and exposure time as shown in Fig. 2A, for rates of bursts, and in
Fig. 2B, for rates of impulses in bursts (burst impulses). Insect ac-
tivity monitoring was stopped at 14 d. The burst rates in all treat-
ments decreased steadily during the rst3 4 d after which few bursts
were recorded. The decline was fastest in the 1 and 3% treatments
for both insect species. After day 5, no insect activity was observed
and the insects were presumed dead. The time taken until cessation
of acoustic activity ranged from 2.9 3.2 d for C. maculatus and
3.2 4.1 d for S. oryzae under 1, 3, and 5% low-oxygen treatments
(Table 4).
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Njoroge et al. (2018) conducted an experiment to assess the effect of
cowpea bruchid population (25, 50, and 100 adults) and available
oxygen (0.5- and 1.0-liter jars) on oxygen consumption and acoustic
activities. The study revealed that cessation of insect activities hap-
pened when oxygen level reached 4% after 3 11 d exposure to her-
metic storage conditions. Less time is required to reach the cessation
of insect acoustic activity under controlled environments than in her-
metic storage conditions.

Insect Survival and Grain Quality Immediately After
Low-Oxygen Treatments

Assessment immediately after exposure to hypoxia treatments for
14 d revealed no adult S. oryzae survived. These ndings are in
agreement with results of Kharel et al. (2019) who showed that ex-
posure of T. castaneum to 2% or less for 15 d resulted in no adult
survival. However, exposure to higher oxygen levels such as 4 and
8% did not result in complete mortality. We did not expect to nd
any live C. maculatus as they have a short life cycle of 10 12 d
(Yan et al. 2016). Assessment of the grain immediately after low-
oxygen exposure showed the presence of grain damage on wheat
for all the treatments. This appears to be the result of damage by
S. oryzae adult insects before the cessation of activities (within 3 4
d of exposure). For cowpea, there were eggs laid on the grains and
no other damage was observed. We used qualitative assessment such
as grain with eggs and holes because previous studies have shown
minimal weight losses when grain is stored under hermetic condi-
tions (Njoroge et al. 2017b). No change in weight loss was expected
in this study, and hence we assessed qualitative measures that are
indicative of potential future progeny development when grain is re-
turned to normoxic conditions. Previous studies have shown that in-
sect activity and grain infestation and damage are reduced at oxygen
levels below 5% (Emekci et al. 2002; Margam 2009; Yan et al. 2016;
Njoroge et al. 2017b, 2018).

Table 4. Time after onset until cessation of acoustic activity of
Callosobruchus maculatus (CPW) and Sitophilus oryzae (RW)
under 1, 3, and 5% oxygen-level treatments

Mean time (d) — SEM to cease acoustic

activity™
Treatment CPW RW
1% O, 29-0.37* 3.2-021
3% O, 3.5-0.53 4.0-0.14
5% O, 3.8-0.24 4.1-0.45

*Means within the same insect species were not signi cantly different
among the oxygen levels.

Insect Development 45 d Post-treatment

A few adults were present in grain incubated for 45 d after exposure
to 3 and 5% oxygen levels for 14 d. Consequently, when assessing
the ultimate ef cacy of controlled environments, initial mortality is
not the only parameter of importance especially if the airtight condi-
tions are not maintained after initial exposure to hypoxia. The pres-
ence or absence of eggs and surviving adults post-treatment need
to be assessed to ensure that there is no pest resurgence after the
airtight system is compromised.

Some studies have demonstrated that low oxygen (2 5%) can
suppress egg-laying behavior and adult emergence of C. maculatus
(Yan et al. 2016). In our study, there were no surviving adults im-
mediately after 14 d of hypoxia treatments; the eggs laid were few,
and some eggs did not hatch 45 d post-treatment. These ndings
were consistent with Cheng et al. (2012) who found that decreased
O, and elevated CO, affected survival, development, and gene ex-
pression in cowpea bruchids. They found that below 2% oxygen,
bruchids slow down or stop ovipositing. Furthermore, our results
showed no adult emergence from 1% oxygen level after 45 d post-
treatment. This result corroborates previous ndings that show
exposure of C. maculatus and T. castaneum eggs to oxygen levels
below 2% causes up to 100% egg mortality (Cheng et al. 2012,
Kharel et al. 2019). Though 3 and 5% resulted in a few live adults
45 d post-treatment, they might have affected the development of
the insects. Kharel et al. (2019) showed that adult developmental
time was increased by 18 and 15 d when was young larvae of
T. castaneum were exposed 4 and 8% oxygen levels, respectively.
Carli et al. (2010) showed complete inhibition of progeny develop-
ment when Sitophilus spp. were exposed to CO, atmospheres for 30
d. Extending exposure time beyond 14 d at 3 and 5% oxygen levels
may result in complete mortality post-treatment.

In conclusion, exposure of C. maculatus and S. oryzae to hypoxia
of 5% or below halts insect activity within 4 d. Controlled atmos-
phere of 1% oxygen level for 14 d is effective for achieving complete
adult mortality of C. maculatus and S. oryzae and preventing insect
resurgence post-treatment. Maintaining oxygen levels at 3 and 5%
will contribute to the death of adult insects within 14 d but may
lead to insect development post-treatment if airtight conditions are
breached. Consequently, maintaining low-oxygen conditions for a
longer duration would ensure insuf cient oxygen is available for
progeny development and thus protect the stored grain from further
deterioration.

Acknowledgments

We thank the PICS3 project at Purdue University (grant number OPP1038622)
funded by the Bill and Melinda Gates Foundation for facilitating this study.
The use of trade, rm, or corporation names in the publication does not con-
stitute an of cial endorsement or approval by the United States Department

Table 5. Analysis of variance of percent cowpea grains infested with Callosobruchus maculatus (CPW) and wheat grains damaged by
Sitophilus oryzae (RW) after 14-d exposure to 1, 3, and 5% oxygen levels and insect emergence after 45-d incubation (n = 16; rates are listed

as mean — SEM)

Number of emerging adults 45 d post-

treatment*
Treatment % infested cowpea grains % damaged wheat grains CPW RW
1% O, 3.49 — 0.39a* 8.08 - 0.43a 0.0-0.0a 0.0 -0.0a
3% O, 3.78-0.23a 7.68 —0.40a 10.67 - 2.12b 9.67 —4.47b
5% O, 3.43-0.25a 7.56 — 0.29a 14.44 - 3.13c 16.56 — 5.07¢c

*Means within the same column followed by the same letter are not signi cantly differentat P 0.05. Means were separated using Bonferroni adjustment.



Journal of Economic Entomology, 2019, Vol. 112, No. 4

1995

of Agriculture, Agricultural Research Service, or any product or service to the
exclusion of others that may be suitable. The USDA is an equal opportunity
provider and employer. AAW.N., RW.M., and D.B. conceived and designed
the experiments; A.W.N. and B.W.S. performed the experiments; A.W.N. ana-
lyzed the data; R.W.M. and D.B. contributed acoustic measurement equip-
ment; A\W.N., RW.M., B.W.S. and D.B. wrote the paper; and D.B. secured the
funding. The authors declare no con ict of interest.

References Cited

Bailey, S. W. 1955. Air-tight storage of grain; its effects on insect pests.
I. Calandra granaria L. (Coleoptera: Curculionidae). Aust. J. Agric. Res.
6: 33 51.

Baoua, I. B., L. Amadou, D. Baributsa, and L. L. Murdock. 2014 . Triple bag
hermetic technology for post-harvest preservation of Bambara groundnut
(Vigna subterranea (L.) Verdc.). J. Stored Prod. Res. 58: 48 52.

Baributsa, D., J. Lowenberg-DeBoer, L. L. Murdock, and B. Moussa. 2010.
Pro table chemical-free cowpea storage technology for smallholder
farmers in Africa: Opportunities and challenges, pp. 1046 1052. In
M. O. Carvalho, P. G. Fields, C. S. Adler, F. H. Arthur, C. G. Athanassiou,
J. F. Campbell, F. Fleurat-Lessard, P. W. Flinn, R. J. Hodges, A. A. Isikber,
S. Navarro, R. T. Noyes, J. Riudavets, K. K. Sinha, G. R. Thorpe,
B. H. Timlick, P. Trematerra, and N. D. G. White (eds.), Proceedings of the
10th International Working Conference on Stored Product Protection, 27
June-2 July 2010, Estoril, Portugal. Julius-K hn-Archiv, Issue 425.

Bioacoustics Research Progran016. Raven Lite: Interactive Sound Analysis
Software (Version 2.0). The Cornell Lab of Ornithology, Ithaca, NY.
(http://www.birds.cornell.edu/raven).

Calderon, M., and S. Navarro. 1980. Synergistic effect of CO, and O, mix-
tures on two stored grain insect pests. Dev. Agric. Eng. 1: 79 84.

Carli, M. D., B. Bresolin, C. P. Z. Norefia, I. Lorini, and A. Brandelli. 2010
Ef cacy of modi ed atmosphere packaging to control Sitophilus spp. in
organic maize grain. Braz. Arch. Biol. Techn. 53: 1469 1476.

Cheng, W., J. Lei, J. E. Ahn, T. X. Liu, and K. Zhu-Salzman. 2012. Effects of
decreased O, and elevated CO, on survival, development, and gene expres-
sion in cowpea bruchids. J. Insect Physiol. 58: 792 800.

De Groote, H., S. C. Kimenju, P. Likhayo, F. Kanampiu, T. Tefera, and J. Hellin.
2013. Effectiveness of hermetic systems in controlling maize storage pests
in Kenya. J. Stored Prod. Res. 53: 27 36.

Donahaye, E., D. Zalach, and M. Rindner. 1992. Comparison of the sensi-
tivity of the development stages of three strains of the red our beetle
(Coleoptera: Tenebrionidae) to modi ed atmospheres. J. Econ. Entomol.
85: 1450 1452.

Donahaye, E., S. Navarro, M. Rindner, and A. Azrieli. 1996. The combined in-

uence of temperature and modi ed atmospheres on Tribolium castaneum
(Herbst) (Coleoptera: Tenebrionidae). J. Stored Prod. Res. 32: 225 232.

Dosunmu, O. G., N. J. Herrick, M. Haseeb, R. L. Hix, and R. W. Mankin.
2014. Acoustic detectability of Rhynchophorus cruentatus (Coleoptera:
Dryophthoridae). Fla. Entomol. 97: 431 438.

Eliopoulos, P. A., |. Potamitis, D. C. Kontodimas, and E. G. Givropoulou.
2015. Detection of adult beetles inside the stored wheat mass based on
their acoustic emissions. J. Econ. Entomol. 108: 2808 2814.

Emekci, M., S. Navarro, E. Donahaye, M. Rindner, and A. Azrieli. 2002.
Respiration of Tribolium castaneum (Herbst) at reduced oxygen concen-
trations. J. Stored Prod. Res. 38: 413 425.

Fleurat-Lessard, F.1990. Effect of modi ed atmospheres on insect and mites
infesting stored products, pp. 21 38. In Calderon, M., Barkai-Golan, R.
(eds.), Food Preservation by Modi ed Atmospheres. CRC Press, Boca
Raton, FL.

Henry, J. R., and J. F. Harrison. 2004. Plastic and evolved responses of larval
tracheae and mass to varying atmospheric oxygen content in Drosophila
melanogaster. J Exp. Biol. 207: 3559 3567.

Herreid, C. F. 1980. Hypoxia in invertebrates. Comp. Biochem. Physiol.
A Physiol. 67: 311 320.

Herrick, N. J., and R. W. Mankin. 2012 . Acoustical detection of early instar
Rhynchophorus ferrugineus (Coleoptera: Curculionidae) in Canary Island
date palm, Phoenix canariensis (Arecales: Arecaceae). Fla. Entomol. 95:
983 990.

Herrick, N. J., R. W. Mankin, O. G. Dosunmu, and M. T. K. Kairo. 2013
Ecology and detection of the red palm weevil, Rhynchophorus ferrugineus
(Coleoptera: Curculionidae), and related weevils for the protection of
palm tree species in the United States. In Colloque m@diterran@en sur les
ravageurs des palmiers. Association Fran aise de Protection des Plantes
(AFPP), Nice, France.

Hochachka, P. 1986. Defense strategies against hypoxia and hypothermia.
Science 231: 234 241.

Jalinas, J., B. Guerri-Agullo, R. W. Mankin, R. Lépez-Follana, and L. V. Lopez-
Llorca. 2015. Acoustic assessment of Beauveria bassiana (Hypocreales:
Clavicipitaceae) effects on Rhynchophorus ferrugineus (Coleoptera:
Dryophthoridae) larval activity and mortality. J. Econ. Entomol. 108:
444 453.

Jalinas, J., B. Guerri-Agullé, O. G. Dosunmu, L. V. Lopez Llorca, and
R. W. Mankin. 2017 . Acoustic activity cycles of Rhynchophorus
ferrugineus (Coleoptera: Dryophthoridae) early instars after Beauveria
Bassiana (Hypocreales: Clavicipitaceae) treatments. Ann. Entomol. Soc.
Am. 110: 551 557.

Jarecki, J., E. Johnson, and M. A. Krasnow. 1999 Oxygen regulation of airway
branching in Drosophila is mediated by branchless FGF. Cell 99: 211 220.

Jones, M., C. Alexander, and J. Lowenberg-DeBoer. 2011Pro tability of her-
metic Purdue Improved Crop Storage (PICS) bags for African common
bean pproducers, pp. 1 29. Department of Agricultural Economics,
Purdue University, West Lafayette, IN.

Kharel, K., L. J. Mason, S. B. Williams, L. L. Murdock, I. B. Baoua, and
D. Baributsa. 2018. A time-saving method for sealing Purdue Improved
Crop Storage (PICS) bags. J. Stored Prod Res. 77: 106 111.

Kharel, K., L. J. Mason, L. L. Murdock, and D. Baributsa. 2019 . Ef cacy
of hypoxia against Tribolium castaneum (Coleoptera: Tenebrionidae)
throughout ontogeny. J. Econ. Entomol. doi:10.1093/jee/t0z019

Kiobia, D. O., S. D. Tumbo, J. Cantillo, B. B. Rohde, P. K. Mallikarjunan,
and R. W. Mankin. 2015 . Characterization of sounds in maize produced
by internally feeding insects: investigations to develop inexpensive devices
for detection of Prostephanus truncatus (Coleoptera: Bostrichidae) and
Sitophilus zeamais (Coleoptera: Curculionidae) in small-scale storage fa-
cilities in sub-Saharan Africa. Fla. Entomol. 98: 405 409.

Mankin, R. W., A. Mizrach, A. Hetzroni, S. Levsky, Y. Nakache, and V. Soroker.
2008. Temporal and spectral features of sounds of wood-boring beetle
larvae: identi able patterns of activity enable improved discrimination
from background noise. Fla. Entomol. 91: 241 248.

Mankin, R. W., D. W. Hagstrum, M. T. Smith, A. L. Roda, and M. T. K. Kairo.
2011. Perspective and promise: a century of insect acoustic detection and
monitoring. Am. Entomol. 57: 30 44.

Mankin, R. W., D. Stanaland, M. Haseeb, B. Rohde, O. Menocal, and
D. Carrillo. 2018 . Assessment of plant structural characteristics, health,
and ecology using bioacoustic tools. Proc. Mtgs. Acoust. 33: 010003.

Margam, V. 2009. Molecular tools for characterization of the legume pod
borer Maruca vitrata Fabricius (Lepidoptera: Pyraloidea: Crambidae);
mode of action of hermetic storage of cowpea grain. Ph.D. thesis,
Department of Entomology, Purdue University, West Lafayette, IN.

Mbata, G., C. Reichmuth, and T. Ofuya. 1996 . A comparative study on the
toxicity of carbon dioxide to the developmental stages of Callosobruchus
maculatus (Fab.) and Callosobruchus subinnotatus (Pic.). Postharv. Biol.
Technol. 7: 271 276.

Mbata, G. N., S. K. Hetz, C. Reichmuth, and C. Adler. 2000 . Tolerance of
pupae and pharate adults of Callosobruchus subinnotatus Pic (Coleoptera:
Bruchidae) to modi ed atmospheres: a function of metabolic rate. J. Insect
Physiol. 46: 145 151.

Mbata, G. N., T. W. Phillips, and M. E. Payton. 2009 . Effects of cowpea
varietal susceptibility and low pressure on the mortality of life stages of
Callosobruchus maculatus (Coleoptera: Bruchidae). J. Stored Prod. Res.
45: 232 235.

Murdock, L. L., and I. B. Baoua. 2014 . On Purdue Improved Cowpea Storage
(PICS) technology: background, mode of action, future prospects. J. Stored
Prod. Res. 58: 3 11.

Murdock, L. L., V. Margam, I. Baoua, S. Balfe, and R. E. Shade. 2012. Death
by desiccation: effects of hermetic storage on cowpea bruchids. J. Stored
Prod. Res. 49: 166 170.



1996

Journal of Economic Entomology, 2019, Vol. 112, No. 4

Navarro, S. 1978. The effects of low oxygen tensions on three stored-product
insect pests. Phytoparasitica 6: 51 58.

Navarro, S. 2012. The use of modi ed and controlled atmospheres for the dis-
infestation of stored products. J. Pest Sci. 85: 301 322.

Njoroge, A. W., H. D. Affognon, C. M. Mutungi, J. Manono, P. O. Lamuka,
and L. L. Murdock. 2014 . Triple bag hermetic storage delivers a lethal
punch to Prostephanus truncatus (Horn) (Coleoptera: Bostrichidae) in
stored maize. J. Stored Prod. Res. 58: 12 19.

Njoroge, A. W., H. Affognon, C. Mutungi, U. Richter, O. Hensel, B. Rohde,
and R. W. Mankin. 2017a. Bioacoustics of Acanthoscelides obtectus
(Coleoptera: Chrysomelidae: Bruchinae) on Phaseolus vulgaris (Fabaceae).
Fla. Entomol. 100: 109 115.

Njoroge, A. W., R. W. Mankin, B. W. Smith, and D. Baributsa. 2017b .
Effects of hermetic storage on adult Sitophilus oryzae L. (Coleoptera:
Curculionidae) acoustic activity patterns and mortality. J. Econ. Entomol.
110: 2707 2715.

Njoroge, A., R. Mankin, B. Smith, and D. Baributsa. 2018 . Oxygen con-
sumption and acoustic activity of adult Callosobruchus maculatus (F.)
(Coleoptera: Chrysomelidae: Bruchinae) during hermetic storage. Insects
9: 45,

Ofuya, T. I, and C. Reichmuth. 1998. Effect of combining or alternating
hypercabia and anoxia conditions on mortality of two bruchids infesting
grain legumes in storage, pp. 221 226. In N. E. S. Lale, N. B. Molta,
P. O. Donli, M. C. Dike, and M. Aminu-Kano (eds.), Entomology in the
Nigerian Economy: research focus in the 21t century, vol 31. Entomology
Society of Nigeria (ESN) Occasional Publications, Nigeria.

Ofuya, T. 1., and C. Reichmuth. 2002 . Effect of relative humidity on the suscep-
tibility of Callosobruchus maculatus (Fabricius) (Coleoptera: Bruchidae)
to two modi ed atmospheres. J. Stored Prod. Res. 38: 139 146.

Schwab, L., P. Degoul, F. Fleurat-Lessard, A. Ndiaye, and J. D. Knight. 2005
Automatic acoustical surveillance system of grains in silos. Stored malting
barley: management of quality using an expert system, pp. 203 218.
INRA-Editions, Paris, France.

Soderstrom, E. L., D. G. Brandl, and B. Mackey. 1992. High temperature com-
bined with carbon dioxide enriched or reduced oxygen atmospheres for
control of Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae). J.
Stored Prod. Res. 28: 235 238.

StataCorp. 2011. Stata Statistical Software: Release 12. StataCorp LP, College
Station, TX.

Tefera, T., F. Kanampiu, H. De Groote, J. Hellin, S. Mugo, S. Kimenju,
Y. Beyene, P. M. Boddupalli, B. Shiferaw, and M. Banziger. 2011 The
metal silo: an effective grain storage technology for reducing post-
harvest insect and pathogen losses in maize while improving small-
holder farmers food security in developing countries. Crop Prot. 30:
240 245.

Villers, P., S. Navarro, and T. De Bruin. 2008. Development of hermetic
storage technology in sealed exible storage structures, pp. 649 655.
In D. L. Guo, S. Navarro, Y. Jian, T. Cheng, J. Zuxun, L. Yue, L. Yang,
and W. Haipeng (eds.), Proceedings of the 8th International Conference
on Controlled Atmospheres and Fumigation in Stored Products, 21 26
September 2008, Chengdu, China. Sichuan Publishing House of Science
and Technology, Chengdu, China.

Weyel, W., and G. Wegener. 1996 Adenine nucleotide metabolism during an-
oxia and post-anoxic recovery in insects. Experientia 52: 474 480.

Yan, Y., S. B. Williams, D. Baributsa, and L. L. Murdock. 2016 . Hypoxia treat-
ment of Callosobruchus maculatus females and its effects on reproductive
output and development of progeny following exposure. Insects 7: 26.

Yan, Y., S. B. Williams, L. L. Murdock, and D. Baributsa . 2017. Hermetic
storage of wheat and maize our protects against red our beetle
(Tribolium castaneum Herbst). PLoS One 12: e0185386.

Zhou, D., J. Xue, J. Chen, P. Morcillo, J. D. Lambert, K. P. White, and
G. G. Haddad. 2007. Experimental selection for Drosophila survival in
extremely low O, environment. PLoS One 2: e490.

Zhou, D., J. Xue, J. C. Lai, N. J. Schork, K. P. White, and G. G. Haddad. 2008.
Mechanisms underlying hypoxia tolerance in Drosophila melanogaster:
hairy as a metabolic switch. PLoS Genet. 4: e1000221.



